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LINKAGE IN EATS 1 

HEMAN L. IBSEN 

Kansas State Agricultural, College 

At the present time there are at least five factor pairs 
or series known in rats. Some of these have been de- 
scribed only quite recently, and it may therefore be prof- 
itable to tabulate all of them and to mention some of their 
interactions. 

These genes are : 

1. R, black-eyed ; r, red-eyed. 

2. P, black-eyed; p, pink-eyed. 

3. S, self; Si, Irish; Si,, hooded. 

4. A, agouti; a, non-agouti. 

5. C, intense pigmentation ; Cr, non- yellow ; Ca, albinism. 
Color varieties homozygous for one or the other of the 

first two recessive genes mentioned above were described 
by Castle (1914). Both are yellow-coated. A PPrr ani- 
mal is yellow with eyes of a reddish tint, while animals of 
the composition ppBR or pprr are yellow with pink eyes. 
Pink-eyed yellows, therefore, may be of two kinds, those 
carrying R and those lacking it. Animals carrying both 
P and R are black-eyed and have black coats. Pink-eyed 
yellows, carrying R (ppRR), mated to red-eyed (PPrr) 
produce PpRr, black-eyed animals having black coats. 
Pink-eyed yellows lacking R, and therefore of the compo- 
sition pprr, when mated to red-eyed yellows (PPrr) give 
Pp rr, or red-eyed yellows. 

Castle and "Wright (1915) and Castle (1916) present 
evidence that the genes above described are linked. When 
pink-eyed yellows (ppRR) were crossed with red-eyed 

i Papers from the Department of Genetics, Agricultural Experiment Sta- 
tion, University of Wisconsin, No. 21. Published with the approval of the 
Director of the Station. 
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yellows (PPrr), the p and R of the pink-eyed and the P 
and r of the red-eyed tended to be linked, the crossing 
over being about 17 or 18 per cent. 

More recently Castle (1916) has given evidence indi- 
cating that Irish pattern {Si), entirely pigmented except 
for a white patch on the belly, is allelomorphic to both self 
{S) and the hooded pattern {Sn). "Whiting and King 
(1918) have shown that the non-yellow condition (C) 
corresponds to that found in guinea-pigs and is similarly 
allelomorphic to both complete pigmentation (C) and 
albinism {Ca). Dilute pigmentation {Ca) has not as yet 
been found in rats. Castle (1916) presents experimental 
proof that the allelomorphs of pink-eyed {p) and red- 
eyed (r), or P and R, are linked with albinism, Ca. This 
would put the three genes on the same chromosome. 
Castle's data are too few for the exact degree of link- 
age to be determined from them. 

Up to the present no results have been published of a 
direct attempt to determine the possible linkage relations 
of self {S) and agouti {A) to each other or to the other 
three linked genes. Data bearing on this point -will be 
presented in this paper. It will also be shown that so far 
as our evidence goes the genes R and Ca are absolutely 
linked. 

The first crosses made were for the purpose of deter- 
mining the linkage relations of the red-eyed pair of allelo- 
morphs {R and r) with the self series {S, Si and Sn). 
Eed-eyed selfs {rSPa) were crossed with black-eyed 
hooded {RSnPa) and the resulting animals were there- 
fore self 2 -blacks {rS-RSu). s These self-blacks were then 
bred back to the double recessives, red-eyed hooded 
{rrSnSn). The offspring from this mating are shown in 
Table I. From this it will be seen that red-eyed and self 
are entirely independent in heredity. 

2 With my animals every heterozygous self (SSk) had a white patch on 
the belly. 

s P and a may be disregarded since both parents were alike with respect 
to these eenes. 



No. 630] 



LINKAGE IN BATS 



63 



TABLE I 
rS.SSk X rrSA 



Non-crossovers 


Crossovers 


Black-hooded, RS& 


Self-yellow, rS 


Self-black, RS 


Yellow-hooded, **#/, 


49 1 42 


49 


48 



Later the opportunity was offered for studying the 
relation of agouti (A) to the above two genes. A red- 
eyed self carrying agouti 4 (rSA) was mated to black- 
eyed hooded blacks (RSua) and the resulting offspring, 
self agoutis (rSA-RSna), were bred back to the triple re- 
cessives, red-eyed hooded (rrSnSnaa). From this mating 
were obtained the animals shown in Table II. In this 
case also there is no indication of linkage since all of the 
classes are of approximately the same size. 

TABLE II 

rSA-MSna X rrSuS^aa 



Am 

Black-eyed 

Self 

Agouti 


AR,% 

Black-eyed 

Agouti 

Hooded 


ArS 
Red-eyed 
Self-red 


Ar,% 
Red -eyed 
Red- 
hooded 


aSS 
Black -eyed 
Self-black 


aR,% 
Black-eyed 
Black- 
hooded 


arS 
Red-eyed 
Self-yel- 
low 


arS,, 
Red-eyed 
Yellow- 
hooded 


Total 


25 


29 


23 


21 


23 


24 


25 


26 


196 



If we disregard the agouti gene in the above cross, the 
results from Table II may be combined with those from 
Table I. This has been done and is given in Table III. 
The combined results merely give added proof to the de- 
ductions drawn from Table I, that no linkage has oc- 
curred. 

TABLE III 

Tables I and II Combined 

rS-BS% X rrS„S h 



Non-crossovers 


Crossovers , 


MS,, 


rS 


RS 


rS„ 


102 


100 


97 


95 



* Bed-eyed animals carrying agouti are of a decidedly deeper red than 
those lacking it (which seem dilute in comparison) and are easily distin- 
guishable from the latter. 
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We may therefore conclude that the known genes in 
rats arrange themselves into three groups. Into one may 
be placed agouti (A) and its allelomorph, non-agouti (a) ; 
into the second, self (S), with its allelomorphs, Irish (St) 
and hooded (St.) ; and into the third the three genes R, P 
and C with their allelomorphs. 

As before stated, Castle showed that R and P were 
linked to albinism (Co), but he did not determine the ex- 
act degree of their linkage. 5 Evidence on this point 
concerning the linkage of R and Ca will be presented in 
the following pages. 

Two of the heterozygous self agoutis (rSA-RSta) used 
in determining the linkage relations of R, S and A, when 
mated together produced some albino offspring. The 
father of the self agoutis, c? 105A.1, a red-eyed self, 
carrying agouti (rrSSAA), could not have carried al- 
binism himself since he had 17 non-albino offspring when 
mated back to one of his daughters, $ 126B.4, known to 
be carrying the albino gene. The mother of the self 
agoutis, ? 98A.2, a black-eyed black hooded, must there- 
fore have been heterozygous for albinism, and accord- 
ingly would be of the composition RRSnSi,aaCC a . Her 
offspring that gave birth to albinos would of necessity 
have the zygotic formula RrSSnAaCCa. These when in- 
bred should have had albino offspring of various compo- 
sitions, if there had been no linkage. For every albino 
that was homozygous for a dominant gene we should have 
expected two that were heterozygous and one that was 
homozygous for the recessive. 

Since there were six albinos born from the agouti X 
agouti mating, it seemed quite probable that one at least 
would be found that was recessive for all the genes. Am- 
is In May, 1919, the author was informed by Professor Castle that he had 
conclusive evidence that M and C a were completely linked. At that time he 
had obtained about 200 non-cross-over and no crossover gametes. While this 
paper was going through the press Castle's report (1919) on linkage in rats 
has appeared as Publication No. 288 of the Carnegie Institution or Wash- 
ington. In studying the linkage relations of albinism and red-eyed he ob- 
tained 433 non-cross-over gametes and one somewhat doubtful crossover. 
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mals of this sort could be used for further linkage work. 
Even if none were found it seemed very probable that 
from them albinos of this description could be produced. 
Accordingly all six albinos were mated to red-eyed yel- 
low-hooded animals (rrSnSnaaCC) in order to determine 
their compositions. The zygotic formulae of the six 
proved to be as follows : 

2RRShSiud. a,, 

LRRSSllOrCL; 

~LRRSiiShCia,, 
lRR.s 

The one outstanding feature was that all six albinos were 
homozygous for black-eyed (R), although without link- 
age one should have expected that at least one would be 
red-eyed (rr) and several heterozygous (Rr). This gave 
a very strong indication of linkage and so further work 
was pursued with this in view. 

To simplify matters we shall disregard all the genes 
but R (and its allelomorph r) and C with its allelomorph 
Ca, and we shall also assume complete linkage. When the 
above six albinos (RRCaCa), therefore, were crossed with 
red-eyed yellows (rrCC) their black-eyed offspring would 
be of the composition RCa-rC. These black-eyed animals 
when inbred, assuming complete linkage, would behave as 
follows : 

RCa-rCxBCa-rC = lRCa-RC a (albino): 2RC a -rC (black- 
eyed blacks) : 1 rC-rC (red-eyed yellow). 

« Black-eyed (E) animals may be distinguished from red-eyed (r) or al- 
binos (C a ) at birth by the fact that their eyes already appear dark through 
the skin, while red and albino eyes are as yet devoid of pigment. It is 
only about two weeks after birth or just before the eyes open that the red 
eyes have enough pigment in them so that they can be distinguished from 
albinos or pink-eyed (p). One of the albino females being tested had 11 
black-eyed (M) young which through some oversight were disposed of before 
their other characters were recorded. 
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The albinos from this mating when mated to their red- 
eyed yellow litter mates, or to red-eyed yellows from sim- 
ilar matings, should give nothing bnt black-eyed blacks 
(RCa-rC). This would prove for both albinos and red- 
eyed yellows that each was the result of the union of two 
non-crossover gametes. The black-eyed blacks when 
mated together should behave just like their black-eyed 
black parents, i.e., produce all three phenotypes. In this 
case also this would prove that two non-crossover gametes 
had united in the production of each black-eyed black 
parent. 

The above policy has now been pursued for some time. 
From the mating together of RCa-rC black-eyed blacks 
the following offspring have resulted : 

23 albinos, 57 black-eyed blacks, 31 red-eyed yellows. 
For some reason there is a deficiency of albinos. As 
previously explained, black-eyed blacks may be distin- 
guished at birth from either albinos or red-eyed yellows 
by the 'color of their eyes. In the above cross five animals 
died early, but none of them were black-eyed. They died 
before one could be sure whether they were albinos or 
red-eyed yellows. If there was selective mortality, and 
they were all albinos, the deficiency of albinos would thus 
be explained. 

So far 13 albinos from RCa-rC X RCa-rC matings have 
been tested and all proved to be RC a -RC a ; therefore they 
are the result of the union of 26 non-crossover gametes. 
Similarly, 12 black-eyed blacks proved to be RC a -rC and 
10 red-eyed yellows, rC-rC. The total number of non- 
crossover gametes going into the production of the above 
animals is 70, and is at least a fair indication that R and 
Ca are completely linked. More results are necessary in 
order to make this conclusive. Since the amount of cross- 
ing-over between R and P is already known (17-18 per 
cent.), and since R and Ca are completely linked, we 
should expect to find the same percentage of crossing- 
over occurring between P and Ca as between P and R. 
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